Electrical performance of an AlGaN/GaN metal-insulator-semiconductor high electron mobility transistor (MISHEMT) with Al 2 O 3 as the gate insulator layers indicated that the gate leakage was decreased by two orders of magnitude after the Al 2 O 3 /AlGaN interface was pretreated by N 2 plasma. The Al 2 O 3 thin film was deposited by atomic layer deposition (ALD). Effects of N 2 plasma pretreatment on the electrical and structural properties of the Al 2 O 3 /AlGaN interface were investigated by C-V measurements, high-resolution transmission electron microscopy (HRTEM) and x-ray photoelectron spectroscopy (XPS). The C-V measurements showed that the electrical property was improved after N 2 plasma pretreatment, HRTEM measurements indicated that the thickness of an interfacial layer was reduced. XPS analysis confirmed that AlGaN oxides are greatly decreased during N 2 plasma pretreatment.
Introduction
Device performance and reliability of a conventional Schottkygate AlGaN/GaN high electron mobility transistor (HEMT) are largely impaired by high gate leakage current [1, 2] , drain current collapse when operating at high frequencies [3, 4] and poor long-term reliability of the Schottky gate. To reduce the gate leakage current, metal-insulator-semiconductor (MIS) structures with Al 2 O 3 [5, 6] , SC 2 O 3 [7] , Si 3 N 4 [8, 9] , SiO 2 [10, 11] have been proposed. Among them, Al 2 O 3 is considered to be one of the potential candidates because of its relatively high dielectric (high-k) constant and wide band gap.
Recently, atomic layer deposition (ALD) has been employed to grow ultrathin and high-k dielectrics on the GaN substrate due to its advantages over other deposition methods such as excellent thickness uniformity over large substrate areas, conformability, low processing temperature, low impurity content and completely precise thickness control [12] .
However, due to the difficulty in preparing an atomically cleaned surface before the deposition of a dielectric layer, surface pretreatment is required. Many researchers have reported improvment of the interface properties using ammonia (NH 3 ) pretreatment before ALD of high-k materials on Si or Ge substrates [13, 14] . However, there is no report on atomic-layer-deposited Al 2 O 3 on the plasma pretreated GaN substrate.
Device fabrication
In this work, we present the dielectric character of Al 2 O 3 on the AlGaN epilayer and the effects of N 2 plasma pretreatment before Al 2 O 3 deposition on the electrical characteristics of AlGaN/GaN MISHEMT. Then, in this work we also present high-resolution transmission electron microscopy (HRTEM) and x-ray photoelectron spectroscopy (XPS) to study the impact of this technological step on the interfacial layer between the AlGaN epilayer and Al 2 O 3 film.
A schematic illustration of a cross-sectional view of the fabricated device is shown in figure 1(a) . The AlGaN/GaN heterojunction structure was grown on a 2 in. c-face sapphire substrate by metal organic chemical vapor barrier layer. The measured room temperature Hall mobility and sheet carrier concentration were 1150 cm 2 V −1 s −1 and 1.2 × 10 13 cm −2 , respectively. For experiments, the wafer was cut into five parts (samples A-E), and samples A and B were used for device fabrication.
Electrical isolation was performed by forming the mesa structure with an inductively coupled plasma (ICP) etching system with chlorine gas. In order to form the source and drain ohmic electrodes, Ti/Al/Ni/Au were deposited by electron beam evaporation and annealed by rapid thermal annealing in nitrogen gas at 830
• The dielectric feature was characterized by the currentvoltage characteristics of the MOS structure at room temperature using an HP4156B semiconductor parameter analyzer. As the voltage increases to 3.2 V, a steep increase was observed as shown in figure 2 ; this regime is a characteristic of Fowler-Nordheim (FN) tunneling. After FN tunneling, breakdown of the Al 2 O 3 thin film occurred. If we defined the breakdown voltage as the voltage at which the current density is larger than 10 −7 A mm −1 , the breakdown field is approximately 6 MV cm −1 , which is consistent with the value in [15] .
Results and discussion
The surface roughness was recorded by atomic force microscopy (AFM) to reflect the different treatment effects on the Al 2 O 3 deposition. As shown in figure 3 , the R ms = 0.272 nm for the N 2 plasma treatment and 0.270 nm for only the acid solution treatment, so there is no obvious surface damage after plasma treatment. and 178 mS mm −1 , respectively. We consider that the difference between them only results from the nonuniformity of AlGaN/GaN epilayer electrical performance.
In figure 5 , we show the gate leakage current for the devices on the two wafers. Specifically, under a negative gate bias V gs = −20 V, the gate leakage current of the N 2 plasmatreated device before Al 2 O 3 deposition was approximately two orders of magnitude lower than that of the acid solution etched device. Furthermore, we take the C-V measurements at 1 MHz on the round gate capacitors of the AlGaN/GaN MISHEMT with a diameter of 60 μm. The large maximum capacitance of 36.9 pF in accumulation from the MOS capacitor with the Al 2 O 3 dielectric deposited on the acid solution etched and N 2 plasma-treated AlGaN compared to that of 30.1 pF obtained with the Al 2 O 3 dielectric deposited on the only (HF+HCl)-cleaned AlGaN is evident along with the sharper rise for the depletion mode to the accumulation mode in the former (as shown in figure 6 ). • C for 1 min. Figure 8 shows typical XPS spectra of the Ga 3d and Al 2p peaks, which result from the specimens after acid solution, N 2 plasma treatment and annealing. For the acid-cleaned AlGaN surface, the Al 2p XPS spectrum is an asymmetrical envelope, which can be separated into two Gaussian components, located at 73.7 eV and 74.1 eV, respectively. The peak at the lower binding energy corresponds to the Al-N bonds, while the other component with a chemical shift of 0.4 eV is attributed to Al-O bonds. The Ga 3d XPS spectrum can also be fitted to two Gaussian peaks at 20.0 and 21.1 eV, which correspond to Ga-N and Ga-O (Ga 2 O 3 ), as shown in figure 8(a) .These results indicate that the acid solution cannot prevent the oxidation of AlGaN, leading to the formation of Al-O and Ga-O bonds. In terms of the N 2 plasma-treated AlGaN surface, the intensity of Ga-O and Al-O bonds reduced obviously, as shown in figure 8(b) . However, as shown in figure 8(c) , the hightemperature annealing produced large amounts of oxide in the Al 2p spectrum, a similar feature was observed in the Ga 3d core level. This means that O-related radicals generated from the residual O 2 or H 2 O in N 2 atmosphere may react with the AlGaN surface and cause oxidation reaction under the high-temperature condition, thus annealing cannot remove the oxides on the AlGaN surface. While the XPS measurement results indicate much difference after the N 2 plasma treatment on sample E (shown in figure 8(d) ), the intensity of the Ga-O and Al-O bonds reduced greatly again. It reveals that N 2 plasma pretreatment is very effective to remove defective AlGaN oxides on the epilayer surface.
Conclusion
In summary, we have studied the effects of N 2 plasma pretreatment and HF+HCl solution etching before Al 2 O 3 deposition on the output characteristics of AlGaN/GaN MISHEMTs. Although there are no obvious differences in the maximum output current and the transconductance, the gate leakage current is two orders of magnitude lower after the Al 2 O 3 /AlGaN interface is pretreated by N 2 plasma than that of the acid solution. Moreover, the TEM, C-V measurement and XPS results indicate that N 2 plasma pretreatments suppress oxide formation on the AlGaN epilayer surface and improve the interface quality.
